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The diencephalon is a central area of the vertebrate developing brain, where the thalamic nuclear complex, the pretectum and the anterior
tegmental structures are generated. It has been subdivided into prosomeres, which are transversal domains defined by morphological and
molecular criteria. The zona limitans intrathalamica is a central boundary in the diencephalon that separates the posterior diencephalon
(prosomeres 1 and 2), from the anterior diencephalon (prosomere 3). This intrathalamic limit appears early on in neural tube development,
and the molecular pattern that it reveals suggests an important role in the diencephalic histogenesis. We hereby present a fate map of the
presumptive territories in the diencephalon of a chick embryo at the 10–11 somite stages (HH9–10), by homotopic and isochronic quail–
chick grafts. The anatomical interpretation of chimeric brains was aided by correlative whole-mount in situ hybridization with RNA probes
for chicken genes expressed in specific diencephalic territories. The resulting fate map describes the distribution of the presumptive
diencephalic prosomeres in the neural tube, and demonstrates their topologically conserved relationships throughout the neural development.
Moreover, we show that the presumptive epithelium of ZLI can be localized at early developmental stages in the diencephalic alar plate at the
anterior limit of the Wnt8b gene expression domain.
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prosencephalic fascicle; GV, geniculatus ventrolateralis nucleus; Hy, hypo-
thalamus; I, intercalates nucleus; IC, interstitial nucleus of Cajal; IR, interstitial
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The diencephalon is the central area of the developing
brain that generates the thalamic nuclear complex and the
pretectum in its alar plate, while in its basal plate generates
anterior tegmental structures. After analyzing several devel-
opmental genes expressed in the neural tube, the dienceph-
alon was seen to be subdivided into three transversal
territories of a characteristic molecular identity, which are
described as prosomeres (Bulfone et al., 1993; Puelles,
1995; Puelles and Rubenstein, 1993; Puelles et al., 1987;
Rubenstein et al., 1994, 1998). Thus, in the mature brain,
these diencephalic transversal units contain the following
structures in their alar plates (dorsal parts): the pretectum
(prosomere 1; p1), the dorsal thalamus and epithalamus
(prosomere 2; p2), the ventral thalamus and the eminentia
thalami (prosomere 3; p3), from caudal to rostral. These
prosomeres in their basal plates contain structures that are
classified as retromammillary and prerubral tegmentum. The
zona limitans intrathalamica (ZLI) is a boundary that
appears as a transversal ventricular ridge at the neural tube
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between p2 and p3 (Figdor and Stern, 1993; Larsen et al.,
2001), and which separates the anterior (p3) from the
posterior (p2 and p1) thalamic regions (Puelles and Ruben-
stein, 2003).
The process of the diencephalic segmentation has been
analyzed by descriptive and experimental approaches gen-
erating controversial results from among the different verte-
brate embryos studied (Figdor and Stern, 1993; Larsen et al.,
2001; Puelles and Rubenstein, 1993; Puelles et al., 1987; for
a review, see Puelles, 1995). Nevertheless, these controver-
sies seem to be more related to both a priori type assumptions
and methodological approaches rather than to real paradig-
matic interspecific differences. After a bibliographic analysis
we can conclude that the diencephalon in the mouse devel-
ops having followed a segmented pattern under the control of
regionally expressed genes (Bulfone et al., 1993; Figdor and
Stern, 1993; Martı´nez and Puelles, 2000; Puelles and Ruben-
stein, 1993; Rubenstein et al., 1994, 1998), whereas in the
case of the chick two feasible processes can be followed: (1)
a segmental patterning, similar to that postulated for the
mouse (Puelles, 1995; Puelles et al., 1987; Rendahl, 1924;
Yoon et al., 2000), and also similar to other vertebrates
(Nieuwenhuys, 1997; Pombal and Puelles, 1999; Puelles,
1995); or (2) following a hybrid columnar-segmental-like
pattern, in which the basal plate shows classical columnar
arrangement (Kuhlembeck, 1973), and the alar plate shows
some kind of transversal-patched pattern (Bell et al., 2001;
Larsen et al., 2001).
The cellular mechanisms that underlay the process of the
diencephalic morphogenesis have been recently studied in
chick embryos (Larsen et al., 2001; Zeltser et al., 2001).
These authors described significant cell arrangements in the
diencephalic neuroepithelium, apparently under the control
of Lunatic fringe (L-fng) gene expression. Such cell move-
ments from adjacent diencephalic alar domains are described
as a neuroepithelial collapse, and would form the ZLI.
However, previous experimental results using quail–chick
transplants have never reported this significant neuroepithe-
lial collapse in the generation of diencephalic alar compart-
ments (Alvarado-Mallart, 1993; Alvarado-Mallart et al.,
1990; Nakamura et al., 1986). Despite these differences, a
precise experimental study by a systematic fate mapping of
the diencephalic epithelium is still to be performed. Previous
fate maps of the neural tube did not provide any significant
information regarding the organization of the diencephalic
vesicle in relation to the domains of specific gene expres-
sions across its basal and alar plates. Moreover, it is of
special interest to define early morphological references
inside the developing diencephalon to establish adequate
correlations between cellular and molecular maps. In fact,
the expression ofWnt8b at early stages of chick development
labels a central domain of the alar diencephalon (Garda et al.,
2002), exactly where the postulated collapsing area of the
alar diencephalon has been localized (Larsen et al., 2001;
Zeltser et al., 2001). Therefore, we undertook fate mappingof presumptive territories in the chick embryo diencephalon
at the 10–11 somite stages (stages HH9–10 of Hamburger
and Hamilton, 1951) by homotopic and isochronic quail–
chick graft experiments. The morphological interpretation of
the chimeric brains was aided by correlative whole-mount in
situ hybridization with RNA probes for the chicken genes
Wnt8b, Shh and Gbx2. In addition, we have analyzed the
molecular relationship between the Wnt8b and the L-fng
expression patterns at different developmental stages of the
chick brain.
The resulting fate map shows the distribution of the
mature diencephalic alar and basal presumptive territories in
the neural tube, and demonstrates that the diencephalic
segments have topologically conserved relationships during
development. The interprosomeric boundaries consistently
appeared at the neuroepithelial level as clonal restriction
limits, and coincide with the previously shown diencephalic
limits studied by the restriction of the Fgf8 inductive
activity along the neural tube (Crossley et al., 1996;
Martı´nez et al., 1991, 1999). The ZLI presumptive territory
can be mapped at the anterior limit of the Wnt8b expression
at HH10-11. L-fng and Wnt8b have dynamic and comple-
mentary expression patterns in the alar diencephalic epithe-
lium, suggesting a regulatory interaction between these two
genes, as demonstrated in Drosophila imaginal disks de-
velopment (Cavodeassi et al., 1999).Materials and methods
Analysis of gene expression
Eggs and embryos
Fertilized chick (Gallus gallus) and quail (Coturnix cotur-
nix japonica) eggs were incubated at 37jC in a forced air
incubator. Embryos were staged according to Hamburger and
Hamilton (1951).
RNA probes
Digoxigenin-labeled RNA probes were prepared from
plasmids kindly provided by: A. McMahon (Wnt8b), A.
Simeone (Gbx2), J. Rubenstein (Shh) and M. Studer (L-fng).
Cryosections
Embryos were collected at the indicated stages and fixed
in 4% paraformaldehyde in phosphate-buffered saline (PBS)
at 4jC overnight, cryoprotected, then embedded in Tissue-
Tek (Sakura Finetek, The Netherlands), and finally frozen in
isopentane (Prolabo, Barcelona) cooled by liquid nitrogen.
Embryos were then processed for sagittal sections at 14 Am.
In situ hybridization
Embryos for whole-mounts were collected at the indi-
cated stages and fixed in 4% paraformaldehyde in phos-
phate-buffered saline (PBS) at 4jC overnight. Embryos
were then rinsed in PBT (PBS with 0.1% Tween 20),
R. Garcia-Lopez et al. / Developmental Biology 268 (2004) 514–530516dehydrated through ascending methanol series and stored
in 100% methanol at 20 jC before being processed for
whole-mount in situ hybridization, as described by Henri-
que et al. (1995). Cryosections were also processed for in
situ hybridization, as described by Henrique et al. (1997).
RNA-labeled probes were detected by an alkaline-phospha-
tase-coupled antibody (Roche Diagnostics, Mannheim,
Germany), and NBT/BCIP were used as a chromogenic
substrate for the alkaline phosphatase (Boehringer, Man-
nheim, Germany). After hybridization, embryos were
washed in PBT and stored at 4jC in PBT with 0.1%
sodium azide, and the slides were mounted in Eukitt (O.
Kindler GmbH and CO, Freiburg).
Quail–chick chimeras
Homotopic and isochronic quail–chick grafts were
performed by using quail embryos as donors. Quail
and chick eggs from commercial sources were used
throughout. Stage synchrony of quail and chick embryos
at the operation time was achieved by placing quail eggs
3–4 h later than the chick eggs, due to their quicker rate
of development. The embryos were operated at stage
HH9–10 and fixed the chimeras at different develop-
mental stages.
Microsurgery
The experiments have to be performed under relatively
sterile conditions. To prepare the host and donor embryos
for the grafts, we made an opening in the shell. The embryos
were counterstained in ovo with Indian ink, diluted 1:1 in
Tyrode, supplemented with antibiotics, and injected under
the blastoderm, using a glass micropipet. The vitelline
membrane that covers the embryo is slipped out with
tungsten wire on the spot where microsurgery was to be
performed.Fig. 1. (a, b) Wnt8b expression at stages HH10 and HH11. (c) Schematic represent
micrometric frame and based on the molecular relation with Wnt8b expression pa
delimiting the different brain primordial regions throughout the neural tube. For abbA grid with concentric circles was inserted in one ocular
of the operating microscope to normalize the graft dimen-
sions between different experiments, thus controlling the
proportions and topography of the explant/implant sites in
the donor and host embryos, respectively, and to later
deduce the approximate distances between the diverse
boundaries. At the working magnification used during
microsurgery (40), the radial distance increment between
the concentric circles in the grid measured 40 Am. This grid
was positioned in relation to the embryo: the vertical axis
followed the embryo ventral midline, the transversal axis
was positioned by crossing the optic-diencephalic angle at
both sides, then the anterior pole of the embryo followed the
anterior frame units number 9–10 (360–400 Am) from the
central reference point (Fig. 1b).
The selected fragment was excised from the host embryo,
and the references with the ocular frame were clearly
annotated. An equivalent piece of tissue from the quail
donor was grafted onto the chick using a glass micropipet.
The piece of neural tissue was inserted into the groove left
after the excision, preserving the original rostro-caudal and
dorsoventral orientation.
When the grafting operation was completed, the opening
in the eggshell was sealed with a piece of Scotch tape, and
incubated in a horizontal stable position until the stage
selected for fixation.
Analysis of the chimeras
Short-survival specimens were fixed at stages HH24–29
(4.5–6 days of incubation) by overnight immersion of the
embryo head in 4% paraformaldehyde in phosphate-buff-
ered saline solution (PBS; 0.1M, pH 7.4). Then, the brain
was isolated and rinsed in PBT (PBS with 0.1% Tween 20),
dehydrated through ascending methanol series and stored in
100% methanol at 20jC before being processed for
immunostaining and for in situ hybridization. Whole-mountation of the regions taken for fate mapping the diencephalon using a circular
ttern. (d) Representation of a chick embryo at stages HH11–12 tentatively
reviations, see abbreviation list. Scale bar in a is 170 Am, and in b is 200 Am.
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a monoclonal antiquail antibody (QCPN, Developmental
Hybridoma Bank, Iowa City, IA). In some selected experi-
ments, we have additionally processed the brain by in situ
hybridization using RNA probes (Henrique et al., 1995) to
detect Shh, Gbx2 or Wnt8b transcripts before processing for
immunohistochemistry.
Long-survival chimeras were fixed at HH35–43 stages
(9–17 days of incubation) by overnight immersion of the
embryo head in Clarke’s fixative or 4% paraformaldehyde
in PBS. Then the heads were progressively dehydrated in
ethanol and processed by paraffin embedding. Twelve-
micrometer-thick serial sections were cut in a sagittal plane
and mounted in two parallel series. One section series was
stained with cresyl violet and the other was immunostained
with QCPN using DAB-nickel (Cobos et al., 2001b) as a
color reaction. Sometimes the QCPN immunoreaction was
followed by an immunodetection of calbindin (Cobos et
al., 2001b). In some cases, 4% paraformadehyde-fixed
embryos where cryoprotected in 20% sucrose in PBS,
and sectioned in the cryostate at 30 Am thick, and then
processed for immunohistochemistry using Dr. Lance
Jones polyclonal antibody against quail tissue (Alvarado-
Mallart et al., 1990).
All the described cases in this work fulfilled the strictest
criteria of an adequate development of the chimeric brain,
with regards to the graft integration into the host, and with
the absence of morphological anomalies.Results
Expression of Wnt8b and L-fng in the diencephalon
We have analyzed the expression pattern of both Wnt8b
and L-fng genes in the diencephalon of chick embryos at early
stages of development (HH10–HH20). At stages HH8–12
during neurulation, the diencephalon is localized in the
central part of the anterior neural tube, rostrally to the
mesencephalic–diencephalic constriction and caudally to
the telencephalon, the hypothalamus and to the optic vesicles
(Fig. 1). At stages HH10–11, the expression of the Wnt8b
gene mapped the diencephalic alar plate, with a sharp anterior
boundary and a caudally decreasing gradient (Figs. 1a,b). The
L-fng expression at stages HH8–9 was very weak and not
well defined in the diencephalon at these early stages (data
not shown). At stage HH13, the Wnt8b expression was
localized in the central and anterior diencephalon, from the
alar plate of the dorsal thalamus (p2) to the roof plates of
ventral thalamus–eminentia thalami (p3), and caudal telen-
cephalon. This Wnt8b-expressing domain was clearly com-
plementary to the L-fng expression, filling the negative gap of
L-fng in the alar plate (Figs. 2a–d). At stage HH19, parallel
sections processed by ISH to detectWnt8b (Figs. 2e,h) and L-
fng (Figs. 2f,i) clearly showed the complementary expression
domains of both genes (Figs. 2g,j). At stage HH20, while theWnt8b expression was still present along the whole p2 roof
plate, with a sharp caudal limit at the pretectum (p1–p2
boundary), its expression was down-regulated in the p2 alar
plate, except for the ZLI which remained as the only positive
domain (Fig. 2k). A retrospective analysis showed that the
Wnt8b expression in the p2 alar plate was caudorostrally
decreasing between HH13 and HH20 to finally become
localized in the ZLI. Conversely, the L-fng expression was
progressively activated in the p2 alar plate in a complemen-
tary pattern to the down-regulation of Wnt8b, with the
consequent reduction of its negative gap between the anterior
(p3-telencephalon) and the posterior (p1–p2) expression
domains. At stage HH20, the final L-fng negative gap
coincides with the Shh and Wnt8b expressions in the ZLI
(Figs. 2k,l).
TheWnt8b expression is therefore localized in the p2 alar
plate during the early stages of development. Its anterior
boundary is topologically stable along developmental
stages, inside the ZLI territory, while the expression in the
lateral epithelium of p2 was progressively down-regulated.
Shh gene expression in the ZLI will dorsally progress
through Wnt8b-expressing domain.
Fate map of the diencephalon
To fate map the diencephalon, the caudal part of the
prosencephalon was subdivided into three successive
regions, that caudally to rostrally where named A, B and
C (Fig. 1c). The neuroepithelium in regions A and B has
been described as the possible origin of prosomeres p1 and
p2, respectively; while region C contained the most rostral
diencephalic prosomere (p3; Figs. 1c, d; Alvarado-Mallart,
1993). In relation to the Wnt8b expression pattern (Figs.
1a–c), the alar plate of region Awas then the caudal area of
weak expression, with a increasing gradient towards region
B. The region B alar plate was the neuroepithelial domain
where Wnt8b was strongly expressed. Region C was local-
ized anteriorly to the Wnt8b expression domain at stages
HH9–10.
Region A: pretectum (the alar plate of p1)
The alar neuroepithelium of region A from quail
embryos was transplanted homotopically into chick em-
bryos at equivalent developmental stages (HH10; n = 31;
Figs. 3a–c and 7b). The graft was implanted in the dorsal
territory, including the alar plate of the neural tube
localized between the optic–diencephalic angle (where
the transversal axis cut our central reference point) and
the limit between diencephalon and mesencephalon (lo-
calized 5 frame units, 200 Am, caudally to the optic–
diencephalic angle; Fig. 3a). The analysis of these experi-
mental embryos at a short survival time (HH24, E 4.5; n =
15) showed that the caudal limit of the grafted territory ended
at the limit between mesencephalon and p1 (n = 8; Fig. 3c),
or slightly more rostrally into the p1 alar plate (n = 7;
Fig. 3b). From the roof plate, the dorsoventral extension of
Fig. 2. Relation between Wnt8b and L-fng expression pattern during neural tube development. (a) Side view of the L-fng gene expression pattern in whole-
mount chick embryo at stage HH13. Arrows indicate the limits of negative gap expression in the middle of the diencephalon. (b) Side view of a chicken embryo
at the same stage than in (a), showing the Wnt8b gene expression pattern. Arrows indicates the corresponding edges of Wnt8b expression domain, showing the
complementary expression of both genes. (c, d) Dorsal views of figures (a) and (b) showing the complementary localization of both Wnt8b and L-fng
transcripts. (e, h) Medial sagittal sections of a chick embryo at HH19 showing Wnt8b gene expression pattern in the neuroepithelium. (f, i) Medial sagittal
parallel sections of the same chick embryo at HH19 than pictures (e) and (h); showing L-fng expression pattern in the neuroepithelium. (g, j) Photoshop-
processed images (e– f for g and h– i for j) to demonstrate the complementary expression patterns ofWnt8b (blue color) and L-fng (red color). The shaded lines
indicate the transversal intersegmental boundaries in the diencephalon. (k) Whole-mount in situ hybridization for Wnt8b at HH20 showing the expression
pattern of this gene being restricted to the roof plate of the diencephalic anlage and part of the roof plate in the telencephalon. The transversal expression of
Wnt8b corresponds to the ZLI. (l) Whole-mount double in situ hybridization of L-fng (blue) and Shh (red), indicating the expansion of the L-fng expression
pattern in the alar plate of the diencephalon leaving the ZLI boundary free for Shh expression. For abbreviations, see abbreviation list. Scale bars for a–d is 200
Am and for e– l is 300 Am.
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sion of the grafted territory, which although not standard-
ized, mainly corresponded to the dorsal 3/4 of the alar
plate.
The case R306 (Fig. 3c) is a representative example of 11
grafts of region A, that included from the anterior alar
pretectum to the caudal limit of the dorsal thalamus,
complementary to posterior limits of region B grafts (com-
pare Figs. 3c and e). This limit can be localized as well by
the caudal pole of Wnt8b expression in the epithalamic roof
plate (Figs. 2k, 3c). Therefore, at stage HH10, the caudal
and rostral limits of these grafts mapped the pretectal alar
plate at 560–600 and 360–400 Am from the anterior pole of
the embryo, respectively (Fig. 7b).
Chimeric embryos with region A grafts processed at a
long survival time (HH35, E9; n = 16; Fig. 7b) showed that
this epithelium developed pretectal structures, such as the
dorsal components of each of the precommissural (PC),
spiriform (Sp) and pretectal (PT) nuclei (Fig. 4a–e,t and 7a).
The roof plate of the pretectum contained the posterior
commissure (pc) and rostrally to it, the dorsal area of the
precommissural region, that ended at the pineal stalk (Pi) inthe epithalamus (ET; Fig. 4a). We have neither observed cell
migration from the pretectal region to caudal mesencephalic
and rostral thalamic domains in the neuroepithelium (Figs.
3b,c), nor in the mantle layer (Figs. 4b,c,t,u). When the graft
extended by one frame unit (40 Am) into the roof of region
B, the pineal stalk and the caudal part of the ET were also
grafted (n = 6). From this dorsocaudal region of the ET,
significant cell dispersion was observed migrating from this
region into the superficial zones of the dorsolateral thalamus
(DL; Fig. 4e).
Region B: dorsal thalamus and epithalamus (the alar plate
of p2)
Region B morphologically appeared as a 90j circular
sector in which the arc covering from the optic–diencephal-
ic angle to the dorsal midline, parallel to the anterior limit of
the Wnt8b expression, closely following the 4th and 5th
frame circles. The two radii, one ran parallel to the dorsal
midline (the longitudinal radius), and the other ran perpen-
dicular to it, (the transversal radius), connecting the central
frame point with the optic–diencephalic angle (Fig. 3d).
Region B was transplanted in 45 experiments (Fig. 7b).
Fig. 3. Analysis of alar plate quail–chick chimera experiments at short survival times: (a–c) represents the results after region A grafts. (a) Scheme of region A
location based on the circular frame and on theWnt8b gene expression pattern at stage HH10. (b, c) HH23 Whole-mount chick embryo neural tube where quail
transplant was detected by whole-mount immunostaining against quail cells (QCPN); (c) double staining with an in situ hybridization for Wnt8b. (d– f)
represents the results after region B type of grafts. (d) Region B location based on the circular frame and based on the Wnt8b gene expression pattern at stage
HH10. (e, f) HH23 whole-mount chick embryos where quail transplant was detected by whole-mount immunostaining against quail cells (QCPN); we show
double staining with in situ hybridization for Shh (inserts in e and f) as well as Gbx2 (insert in f). g– j Represents the region C grafts. h– j Are representative
cases where the region grafted mapped the p3 segment and dorsal part of the caudal telencephalon. (i) Magnification of the case showed in h, in which the
clonal restriction characteristic of ZLI boundary occurs. The black arrows indicate the part of the quail graft that was included into p2 epithelium, showing
extensive cell mixing at the neuroepithelial level. The red arrows indicate the part of the grafted tissue that did not contain p2 debris (just the ZLI) and where a
clear restriction of cell movement occurs. j Is another case where another clonal restriction characteristics occurs at the dorsal furrow of the ZLI. (k, n) HH23
whole-mount chick embryo neural tube where quail transplant was detected by QCPN antibody and Shh-expressing cells in the brain and ZLI were revealed by
in situ hybridization: (i –n) high-magnification pictures showed clonal restriction of neuroepithelial cells at the level anterior edge of ZLI (red arrows), while
posterior to the ZLI, inside p2 territory, quail and chick cells mixed in the inferior edge of the grafted territory (black arrows). Scale bar in (b) belongs also to
the rest of images, c, e and h (400 Am).
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short survival time (HH25–29, E5–6, n = 18; Fig. 7b) to
analyze the distribution of the donor tissue (Figs. 3d–f).
When the graft did not include the neuroepithelium between
the 4 and 5 frame units (n = 9), the positive QCPN territory
was always localized in the dorsal thalamic and the epitha-
lamic domains, the alar plate of p2 (Fig. 3f). The grafted
territory developed caudally to the ZLI, detectable by the
Shh expression (Fig. 3f), and also inside the Gbx2-express-
ing domain (insert in Fig. 3f). These grafts, which rostrallyended 240 Am from the anterior pole of the embryo, mapped
the ZLI caudally, while grafts that extended by one more
frame unit, ending at the 5th frame circle (n = 3; 200 Am
from the anterior pole of the embryo), included the ZLI (Fig.
3e). The anterior limit of Wnt8b at HH10 ran from the
optic–diencephalic angle to the point where the 5th frame
circle intersected the midline (Figs. 1c and 3d). Therefore, at
stage HH10, the ZLI presumptive territory was included in
the anterior border of the Wnt8b-expressing domain (Figs.
3d and 7a). Grafts that extended rostrally beyond 5 frame
Fig. 4. Long-survival experiments (HH35–40) fate mapping the alar diencephalon. (a– s) Represent sagittal sections in which the anterior part of the brain
points to left and dorsal points upwards. (t –x) represent horizontal sections in which anterior brain pole points downwards and brain ventricles point to right.
(a–e) Cases of region A grafts. (a) Midline sagittal section showing the quail cells restricted to the prectectal roof plate including the main rostral part of
posterior commissure (pc), the donor–host interface delimits the boundary between mesencephalon and diencephalon (precommissural and tectal fibers in the
pc). (b–e) Consecutive parallel more lateral sections of the same case (R32) in which the quail cells mapped different structures inside the p1 domain (c,e),
which were identified by cresyl violet staining in parallel series (b,d). In (e), besides the immunodetection for quail cells (QCPN), calbindin detection was also
performed to better show the limit between p1 and p2 segments. (f – j) Cases of region B grafts. (f) Medial sagittal region where the quail cells are restricted to
the pineal gland (Pi) delimiting the boundary between p1 and p2. (g,h) Consecutive parallel sections in which the quail cells mapped the different structures of
dorsal thalamus and caudal p3 nuclei (g: cresyl violet; h: anti-QCPN). In (i) and (j), we show pictures of R327 case where only partial p2 structures have been
grafted. (k–o) Cases of grafts with region C. (k) Shows a medial section in which the grafted tissue was contain inside the p3 roof plate represented by the
choroidal plexus in the dorsal epithalamus (ET), ending at the level of telencephalic paraphysis (Pf). (l –o) Consecutive parallel sections of the case R362 in
which the quail cells mapped different p3 structures (QCPN immunostaining: m, n, o; cresyl violet: l). (p– s) Shows in a closer magnification, the restriction of
cell movements between prosomeres either caudally (p,q; almost complete restriction of cell movements from p2 into p1) and rostrally (r,s; few cells cross the
ZLI and enter into p3 from p2) in type B grafts. (t –x) Horizontal sections of case Q58 (t,u) belonging to region A grafts and case Q71 (v, x) belonging to region
B grafts, demonstrating cell movements restriction at the level of p1 and p2 boundaries; only few quail cells migrate in the superficial regions (visual tract and
primary visual nuclei: (v, x) from p2 into p3 (immunostaining using polyclonal antiquail antibody). For abbreviations, see abbreviation list. Scale bars for
a,f,k,o and p–s is 50 Am. Scale bars for b–n and t–x is 100 Am.
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in Figs. 3e and 7b).
Region B grafts caudally ended at different anteroposte-
rior levels of the dorsal thalamus, but when the first frame
unit was included, they stopped at the limit between the
pretectum and the dorsal thalamus (p1/p2; n = 8; Figs. 3e,f
and 7b).
In relation to cell dispersion, we have observed that the
limiting boundaries of the region B alar plate showed strict
clonal restriction at the level of the neural epithelium,
between both the p1 and p2 segments, and at the ZLI (Figs.
3e,f).
The region B derivatives were analyzed in long-survival
chimeric embryos (n = 37; E9–17, HH35–43; Fig. 7b). The
derived structures from the region B neuroepithelium were
the epithalamic and dorsal thalamic nuclei (Figs. 4f–j,v,x).
In cases of partial grafts (n = 5; Figs. 4i,j), the donor tissue
formed a homogeneous cell band that consecutively
contained several ventrodorsal thalamic territories, but with-
out any significant anteroposterior cell dispersion, even
inside the thalamic region (Fig. 4j). The nuclei derived from
the p2 alar epithelium were, from dorsal to ventral: the
habenular nuclei in the epithalamus (ET), where part of the
pineal stalk and gland (Pi) were sometimes transplanted
(Figs. 4f,o); the dorsolateral thalamic complex (DL), the
nucleus rotundus (R), as well as the nucleus ovoidalis (Ov)
and the periventricular thalamic nuclei (Figs. 4g,h,r,s,t,v and
7a). When the ZLI was included in the anterior pole of the
graft (n = 10; Fig. 7b), some additional structures appeared
to be formed by the quail cells. Around the nucleus
rotundus, both the perirotundic area (pRa) and the subro-
tundus nucleus (sR) were formed by donor cells, as well as
the superficial nucleus interstitialis of the optic tract (ITO)
(Figs. 4v,x and 7a). These nuclear structures formed an
anterior and superficial belt around the nucleus rotundus,
and were medially continuous with the periovoidalis nuclear
region and the periventricular thalamic nuclei (Figs. 4g,h,v).
Dispersion of neuroepithelial transplanted cells over short
distances(50–60 Am) in the anteroposterior or dorsoventral
axes were sometimes observed, when the graft partially
included a segment inside p2 (Fig. 4j), suggesting some
restriction to cell movements inside the segment (see dis-
cussion). Yet, as previously described, when the caudal part
of the ET was the only thalamic domain grafted, we
observed an abundant cell migration from the habenular
region into the superficial areas of the anterior ET and the
dorsolateral thalamic complex (data not shown). Significant
cell movements were not observed from the dorsal thalamus
into the precommissural region (anterior p1 derivatives) or
into the anterior thalamic nuclei, suggesting a significant
restriction to cell movements across the p1–p2 limit and the
ZLI (Figs. 4p–s,v,x).
The analysis of 34 grafts of region B (Fig. 7b), inside the
Wnt8b expression domain, mapped partially or totally inside
the p2 alar domain. Therefore, from these results, no
suggestion of any significant neuroepithelial arrangementnor any significant differential proliferating process that
could coincide with a movement of neuroepithelial collapse
was observed.
Region C: ventral thalamus and eminentia thalami (the alar
plate of p3)
The anterior diencephalon develops complex morpho-
genetic transformations rostrally to the ZLI due to the
extensive growth of the telencephalon and the optic
vesicles. This differential growth deforms dorsal areas of
its alar and its roof plates to generate a pronounced
ventricular ridge between the diencephalon and the telen-
cephalon, known as the eminentia thalami. Grafts that are
rostral to the Wnt8b expression domain were classified as
region C grafts. They mapped the anterior diencephalon
(n = 11), and in most of the cases contained caudal
telencephalic territories as well. In the present work, we
have focused our analysis on the caudal limit of these
grafts and on its relation with the presumptive territory of
ZLI. This limit was detected inside the territory between
the 4th and 5th frame units running from the optic–
diencephalic angle to the dorsal midline of the neural tube
(Figs. 1b and 3g). This line coincided with the anterior
edge of the Wnt8b expression, and was complementary to
the anterior limit of the region B grafts. Five region C
grafts were processed for a short survival time (HH25–
29, E5–6; Fig. 7b). All of them included the anterior
limit of the Wnt8b expression (the domain between the
4th and 5th reference frame was included in the graft),
and also generated the ZLI territory (Figs. 3h–j). More-
over, in some cases (n =3), the most anterior part of the
p2 alar plate was also grafted (Figs. 3h,i,k,l). These
chimeric embryos showed that when the transplanted
epithelium corresponded to the ZLI, quail and chick
territories were separated by a sharp limit (red arrows in
Figs. 3i,m,n), suggesting the presence of a boundary with
clonal restriction at this neuroepithelial level. However,
when the quail–chick territories came into contact inside
the p2, the quail and chick epithelial cells mixed profuse-
ly; quail and chick neuroepithelial cells can be observed
50–60 Am inside heterospecific neuroepithelium (black
arrows in Figs. 3i,m,n). Subsequently, the region C grafts
mapped the presumptive ZLI territory in their caudal
domain, showing complementary results with the region
B grafts in relation to the presumptive ZLI domain
(compare Figs. 3f and j).
Long-survival analysis (HH35, E9, n = 10; Fig. 7b) of
chimeric embryos with the region C grafts showed that the
nuclear structures derived from the ventral thalamus are,
from dorsal to ventral: nucleus lateralis anterior (LA),
reticular thalamic nucleus (Ret), nucleus intercalatus (I),
nucleus of stria medullaris and more superficially, nucleus
geniculatus ventrolateralis (GV) and nucleus ventrolateralis
(VLT; Fig. 4l–n and 7a). In most cases, the anterior choroid
plexus of the diencephalic ventricle, a derivative of the roof
plate, was formed by quail cells. The anterior limit of these
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(TEL) roof plate, at the level where the paraphysis devel-
oped (Fig. 4k).
Fate map of the diencephalic basal plate
Basal plate grafts were performed throughout a dorsal
window made from a roof plate section, and after alar plate
lateralization. In relation to the three alar regions described,
we transplanted the corresponding basal neural epithelium
including the unilateral basal plate, with or without the floor
plate (depending on the case).
The region A basal plate was mapped in eight graft
experiments (Fig. 7b). The grafted epithelium included the
basal plate of region A, with an extension of 120 or 160 Am
from the optic–diencephalic angle to the mesencephalic
vesicle, including the epithelium from the limit between
both the floor and basal plates (n = 3), or in other cases,
from the floor plate midline (n = 4) to 120–160 Am into the
basal plate. Two chimeric embryos were processed after
short survival time (HH24, E4.5), and six were analyzed
after long survival time (HH35, E9). Short-survival chimeric
embryos showed the localization of the grafted region in the
caudal diencephalic basal plate (Fig. 5a). The extension of
the quail-derived tissue was smaller than in the grafts
observed from the alar plate experiments. The caudal limit
of the transplanted epithelium corresponded to the meso–
diencephalic boundary, and the rostral limit was localized
equidistant between the meso–diencephalic boundary and
the posterior tuberculum (Fig. 5a). Long-survival explants
showed that the derived neural structures were localized in
the pretectal tegmental region, known as the prerubralFig. 5. Representation of different quail–chick chimera experiments analyzed at
location of the graft at HH10 (schematically represented) is shown. Basal plate graf
position of the ventral grafts: (a) basal plate of region A. (b, c) Basal plate of region
micrographs shown is 300 Am.tegmentum (PRT), where the interstitial nucleus of Cajal
(IC), the periventricular tegmental area (VTA) and the
anterior part of substantia nigra (SN) were formed by quail
cells (Figs. 6a–c and 7a). Furthermore, we have not found
migratory movements of neuroepithelial grafted cells cross-
ing the predicted limits between the alar–basal plates
(ventrodorsal migration) or the interprosomeric domains
(anteroposterior migration to the mesencephalic basal plate
or rostral migration to the anterior diencephalic basal plate),
but some cells migrated in the tegmental mantle layer
crossing the anterior and the posterior segmental boundaries
(Fig. 6b).
The dorsal thalamus (p2), or the region B, basal plate was
mapped in seven experiments. Three were processed after
short survival time (HH24, E4.5), whereas the other four
were analyzed at long survival time (HH35, E9). The
grafted epithelium extended from the optic–diencephalic
angle rostrally to 3 frame units (120 Am anterior to the
central frame point), and from the floor plate midline (n =
3), or from the limit between the floor and basal plates (n =
3) towards the basal plate, approximately 120–160 Am of
extension.
Short-survival chimeric embryos showed a small region
of the diencephalic basal plate formed by the grafted tissue
(Figs. 5b,c). This region was localized anterior to the
domains observed in the pretectal grafts, with a caudal limit
corresponding to the anterior pole of pretectal grafts. This
caudal limit coincided with the predicted position between
p1 and p2 boundary (we have not used specific markers for
this limit, except the end of the Wnt8b expression in the roof
plate and bibliographic reports, since we consider it to be
easily identifiable by external morphology). These graftsshort survival time in basal plate grafts. In each case, the corresponding
ts of the diencephalon mapped precise areas of the basal plate depending the
B. (d, e) Basal plate of region C. (f) Prechordal basal plate. Scale bar for all
Fig. 6. Basal plate grafts analyzed at long-term survival. All micrographs are sagittal views of HH35 chick embryos (rostral to the left) detecting quail cells by
anti-QCPN; cresyl violet shows the cytoarchitecture. (a–c) Correspond to basal region A grafts. (a–c) Examples of region A basal plate. The grafted territory
also contains the caudal hypothalamus (i). (d–e) Example of region B basal plate grafts. (g– j) Example of region C basal plate. In some cases the grafted
territory also contains the caudal hypothalamus. (k–m) Example of anterior (prechordal) basal plate grafts. Note that the basal plate graft experiments behave as
alar plate grafts showing important restriction of cell movements. For abbreviations, see abbreviation list. Scale bar is 100 Am in all micrographs.
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basal plate (Figs. 5b,c). Long-survival chimeras showed the
narrow domain of the tegmental structures derived from the
region B basal plate grafts (Figs. 6d–f). The anterior part of
the so-called prerubral tegmentum (PRT), formed by part of
the periventricular tegmental area (VTA), the interstitial
rostral nucleus (IR), the anterior pole of sustantia nigra
(SN) and, more laterally, the nucleus of the basal optic root
(BRN), were generated by quail cells (Figs. 6d–f and 7a,b).
Again, we have not identified significant cell movements
crossing interfield boundaries in anteroposterior direction at
the analyzed stages.
We have explored the fate map of the anterior dienceph-
alon, the ventral thalamus and the eminentia thalami (P3) in
ten experiments. We have analyzed five of them after shortsurvival time (HH24, E4.5), and the other five after long
survival time (HH35, E9). The grafts of the region C basal
plate corresponded to the most anterior epichordal epitheli-
um, with a caudal limit at the anterior limit of the region B
grafts (2–3 frame units, 80–120 Am, anterior to the central
frame point). The rostral limit corresponded to the anterior
pole of the notochord (at 4 frame units from the central
reference point), and to 4 units of lateral extension into the
anterior neural plate. After short survival time, these grafts
showed a large domain formed by quail tissue. This grafted
neuroepithelium always showed a caudal limit in relation to
the ZLI in the basal plate, while the anterior limit stopped at
different levels in the hypothalamic region (Figs. 5d–f).
After having analyzed these chimeric embryos at long
survival time, we observed that the caudal hypothalamus
Fig. 7. Schematic representation that resumes the fate map analysis. (a) The figure on the left-hand side shows at stage HH10 the prospective territories of the
main diencephalic structures in the chick neural tube, representing the alar plate territories in the right side and the basal territories in the left side.
Interprosomeric boundaries are represented by color codes (green for p1 boundaries, red for ZLI and blue for anterior p3 boundary). The schematic drawing on
the right side resumes the different nucleus and structures derived from these graft experiments in a hypothetical stage HH30. (b) Summary in a graphic manner
of the numbers, types, regions and sizes of the analyzed grafts for the present fate map study. Moreover, in this latter scheme, we represent Wnt8b pattern of
expression in relation to the diencephalic prosomeres. For abbreviations, see abbreviation list.
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(retromammillary tegmentum, RMT) was formed in all
these experiments by quail cells, whereas the mammillary
region (MM) was only grafted in the most anterior grafts.
However, neither the infundibular nor the suprachiasmatic
regions were ever derived from the region C grafts (Figs.6g–j). A significant ventrodorsal cell movement of the quail
cells was observed from the RMT moving dorsally to form
the anterior nucleus of the ansa lenticularis (Ala) in more
dorsal localization (Figs. 6g–i and 7a).
Four experiments were performed in more rostral domains
to confirm that the mammillary (MM) (Figs. 6k–m), infun-
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5c,f) mapped in the most rostral regions of the basal plate,
corresponding to the rostral prosencephalic domains. The
anterior hypothalamus that corresponded to the anterior pole
of the basal plate was localized between the 5th and the 6th
frame lines (Fig. 5f).Discussion
Terminology
We have examined the fate map of the diencephalon in
the neural tube of chick embryos, the brain area that
develops from the caudal prosencephalon. Rostrally to the
diencephalon, the anterior prosencephalon generates the
secondary prosencephalon–telencephalon and hypothala-
mus (Puelles, 1995; Rubenstein et al., 1994, 1998; Shima-
mura et al., 1995). The diencephalic longitudinal regions
corresponded to the four basic longitudinal domains of the
neural tube: the roof, alar, basal and floor plates (Shimamura
et al., 1995). The identified transversal diencephalic regions
or prosomeres contained all these longitudinal domains that
have been shown to be present throughout the development
of common and specific molecular codes, that control
particular cell behavior (proliferation, differentiation and
functional maturation) in each subdomain.
The diencephalic roof plate
The diencephalic roof plate showed different molecular
regions at early developmental stages before any detectable
anatomical differentiation. We have observed that the roof
plate of the pretectal region (p1) develops the posterior
commisure and the subcommissural organ (in the commis-
sural area), and the precommissural roof, anterior to them
(Fig. 7). P1 roof plate cells were L-fng and Wnt1 positive,
sharing these expressions with the mesencephalic roof plate.
Nevertheless, dorsal thalamus–epithalamus (p2) and ventral
thalamus–eminentia thalami (p3) roof plates were negative
to L-fng and Wnt1, but positive to Wnt8b, and mainly
developed as the choroidal plexus of the diencephalic
ventricle, that rostrally continues with the telencephalic
choroidal plexus. The caudal part of the p2 roof plate
develops two different structures, the habenular commissure
and the pineal gland, at the limit with p1. The anterior
diencephalic roof plate (p3) showed a localized expression
of Fgf8 (Crossley et al., 2001) and developed as the
choroidal plexus. It was then that we could identify several
molecular domains into the diencephalic roof plate by the
expression of L-fng and Wnt1 (p1), Wnt8b (p2) and Wnt8b
and Fgf8 (p3). It is in the transition between the neural
(mainly commissural) and the choroidal histogenesis, at the
middle part of the p2 roof plate, where the pineal gland
develops. Some genetic expressions have been precisely
localized in the pineal anlage of chick embryos as Chox10(Cheng et al., 2000) and in Xenopus laevis: Xlim-3 (Taira
et al., 1993), BMP2 (Clement et al., 1995) and STAT5 (Pascal
et al., 2001). These molecular patterns are necessary for the
correct development of the roof plate derivatives since, in
mouse, the ectopic expression of En1 in the diencephalic
roof plate abolished the development of both the subcom-
missural organ and choroidal plexus (Louvi and Wassef,
2000). It has also been recently demonstrated that bothMsx1
andWnt1 are necessary to be expressed in the dorsal midline
of the pretectum for the normal development of the roof and
the alar plate of this diencephalic segment (Bach et al., 2003;
Lagutin et al., 2003).
The diencephalic alar plate
The alar plate of the diencephalon has been extensively
studied in descriptive and experimental works, but to date, a
precise fate map of this region at the early stages of chick
development, when experimental manipulation is still pos-
sible, has yet to be reported. The main source of different
interpretations and divergent data observed in the literature
was probably due to the complex anatomy of this region in
the mature brain. The significant growth of this epithelium
during the early stages of development contributes to the
development of the cephalic flexure and to the change of
direction of the longitudinal brain axes, tending to become
ventrally, and its initial straight longitudinal axis becomes
ventrally curved at almost 90j (Shimamura et al., 1995).
Although this morphological modification was recognized a
long time ago, it is still the main source of conceptual
disagreement between columnar and segmental paradigms
of brain development (for a review, see Puelles and Ruben-
stein, 1993; Puelles et al., 1987).
Studies of gene expression patterns during vertebrate
brain development demonstrated that the alar plate of the
diencephalic epithelium is a heterogeneous region, showing
specific genetic expression patterns that subdivide it into
several molecular domains (Larsen et al., 2001; Rubenstein
et al., 1994; Shimamura et al., 1995; Yoon et al., 2000).
Most of these reports, despite slight differences that will be
discussed later, have identified three main transversal
regions that from caudally to rostrally are: the pretectal
region (synencephalon or the p1 alar plate), the dorsal
thalamus/epithalamus (posterior parencephalon or the p2
alar plate) and the ventral thalamus/eminenthia thalami
(anterior parencephalon or the p3 alar plate).
Prosomere 1 (p1) alar plate
The limit between the diencephalon and the mesenceph-
alon is identifiable, even at stage HH8, by the caudal edge
of Pax6 expression domain (Crossley et al., 2001; Lim and
Golden, 2002), and by the rostral edge of En2 expression
(Araki and Nakamura, 1999). The present fate map has
localized the diencephalic–mesencephalic limit at the ante-
rior edge of the mesencephalic vesicle, the mesencephalic–
prosencephalic groove labels exactly this limit (Fig. 7a).
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at the analyzed stages in accordance with previous reports
(Figdor and Stern, 1993; Larsen et al., 2001). Although p1
has been subdivided into internal subfields—D3 and D4,
based on clonal restriction experiments by Figdor and Stern
(1993), and on anterior and posterior synencephalon by
Larsen et al. (2001)—we have not observed this internal
subregionalization of the pretectal anlage in our graft experi-
ments, where in most cases was completely grafted (Figs.
3b,c and 4a–e). When partial anterior or posterior p1
epithelium was grafted, neither did we detect repetitive
and consistent internal limits of clonal restriction in the
neuroepithelium.
The pretectal alar plate (region A) contains the epitheli-
um that will generate from caudally to rostrally: the pre-
tectal, the spiriphorm and the precommissural nuclei (Fig.
7a), that will constitute the nuclear structure of the caudal
diencephalic region in the mature chick brain.
The anterior limit of the pretectal region at stages
HH10–11 corresponds to the transversal line that connects
the two optic–diencephalic angles (the limit follows the
central line of reference in our ocular frame). This anterior
p1 limit corresponded to the D2–D3 limit of Figdor and
Stern (1993) and to the synencephalic–parencephalic limit
of Puelles et al. (1987) and Larsen et al. (2001). This
boundary has not shown clonal restriction by multiclonal
labeling analysis in the work of Larsen et al. (2001), yet in
our grafts this limit has been detected as a lineage restriction
domain by 19 grafts abutting at both sides of it (Fig. 3b,e
and insert in f; Fig. 4e,g–j,x), this being in accordance with
the work of Figdor and Stern (1993).
Prosomere 2 (p2) alar plate
The neuroepithelium of the p2 alar plate is subdivided
into two longitudinal domains: the epithalamus dorsally, and
the dorsal thalamus ventrally. The expression pattern of
different cadherins (Redies et al., 2000), as well as the
expression of some transcription factors (Lim and Golden,
2002), has shown longitudinal subfields within the p2 alar
plate. We were not able to distinguish the epithalamic from
the dorsal thalamic anlage in the p2 epithelium since
dorsoventral regionalization of the alar plate has not been
specifically addressed in our study.
The dorsal thalamus represents the most important do-
main of the alar diencephalon in both histological and
functional complexities. At early stages of chick develop-
ment, most of the epithelium that we have identified as the
strongWnt8b expressing domain (our region B of grafts) has
been reported to progressively collapse (between stages
HH12–19) into a transversal narrow domain that corre-
sponded to the ZLI (Larsen et al., 2001; Zeltser et al., 2001).
We have performed 55 grafts containing p2 epithelium, in
34 of them p2 alar epithelium was exclusively included in
the graft (completely inside the Wnt8b strong expression
domain and inside the negative L-fng domain; 13 of them
including the ZLI territory; Figs. 3d–e and 7b). The resultsobtained showed that the p2 alar epithelium develops from
the positive Wnt8b expressing domain at stages HH9–10,
and that no significant collapse was detectable in our
experimental material since none of ourWnt8-positive grafts
developed a narrow transversal shape, inside or even close
to the ZLI, that might suggest a neuroepithelial collapse.
Fig. 4x illustrates a representative graft of the region Wnt8b-
positive epithelium (inside the negative L-fng gap) that
develops most of the dorsal thalamic structures including
the ZLI derivatives. The collapse of the negative L-fng
domain has been detected by multiclonal neuroepithelial
labeling at stages HH11–17 in the anterior diencephalon
(Zeltser et al., 2001), whereas our Wnt8b-positive trans-
plants (corresponding to the negative L-fng domain) were
performed at stages HH10–11; thus, the different results
cannot be due to experimental heterochrony.
The ZLI presumptive epithelium was mapped at the
anterior border of the Wnt8b expression by 22 grafts that
abutted at both sides of this boundary (13 caudally and 9
rostrally). Moreover, we have observed dynamic temporo-
spatial patterns of gene expressions into the p2 alar domain,
in which genes are up- and down-regulated in the epitheli-
um. For instance, Wnt8b is progressively down-regulated in
the p2 alar plate at the same time as the up-regulation of L-
fng in this epithelium (Fig. 2), suggesting a possible direct
or indirect reciprocal interaction between these two genes,
as has been demonstrated in the Drosophila imaginal disk
development (Cavodeassi et al., 1999). Wnt8b is expressed
and maintained in the ZLI epithelium until late embryonic
stages (Garda et al., 2002), which may suggest a possible
role of this gene in the signaling cascade for Shh activation
in the ZLI cells, in addition to the suggested L-fng control
(Zeltser et al., 2001), as well as in maintaining local signals
at the boundary level.
The Region B epithelium, the presumptive p2 alar plate,
develops epithalamic (habenular nuclei and stria medullaris)
and dorsal thalamic (dorsolateral thalamus, rotundus nucle-
us and perirotundic nuclei, ovoidalis and periovoidalis
nuclei), as well as periventricular thalamic structures (Fig.
7a). The dorsal thalamic derivatives have also been de-
scribed by molecular mapping in chicken (Martı´nez de la
Torre et al., 2002; Puelles et al., 1987) and in mice (Lim and
Golden, 2002; Nakagawa and O’Leary, 2001).
The zona limitans intrathalamica (ZLI)
We have demonstrated that the anterior limit of p2 is
detectable at stages HH10–11 by the anterior edge of the
Wnt8b expression domain. Later on in development, this
expression is maintained in the ZLI cells (present results and
Garda et al., 2002). The ZLI cells that are also detectable by
cholinesterase histochemistry at stage HH15 (Puelles et al.,
1987) will activate the expression of Shh between stages
HH16–20, among other genes such as Sim1 (Puelles,
2000), as well as proteins such as NrCAM and tenascin
(Larsen et al., 2001). The mouse neuroepithelial cells at the
anterior limit of p2 epithelium are specified to develop as
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(Echevarria et al., 2001), suggesting a stage of initial
specification likely to be regulated by neuroepithelial inter-
actions between territories with different molecular and
potential characteristics (Kobayashi et al., 2002; Martı´nez,
2001; Shimamura and Rubenstein, 1997; see for a review
Echevarria et al., 2003). In accordance with some personal
results (Echevarria et al., 2003), and to previous reports
(Figdor and Stern, 1993; Larsen et al., 2001), we have
observed clonal restriction at both sides of the ZLI. Anterior
(p3) and posterior (p2) grafts showed restriction to cell
migration in early analyzed chimeras, but few cells were
observed to invade the mantle layer of the p3 in late analyzed
p2 chimeras, in accordance with the clonal dispersion
reported by Golden and colleagues (Golden and Cepko,
1996; Golden et al., 1997) and to the superficial migration
of cells that we have observed in heterotopic quail–chick
tectal grafts (Martı´nez and Alvarado-Mallart, 1989). There-
fore, there is a strict restriction to cell movements at the
neuroepithelial level, but from stages HH25–26, some cells
can migrate by tangential movements across the ZLI mantle
layer (Golden and Cepko, 1996, Golden et al., 1997).
The molecular pattern of the ZLI suggests a possible
morphogenetic role in the development of the diencephalic
histogenesis, as in the isthmic organizer (IsO) in the devel-
opment of the midbrain and hindbrain. Transcription factors
can determine the position of the boundary that will express
a signaling molecule, Fgf8, in the case of the IsO, and Shh in
the case of the ZLI (Garda et al., 2001; see, for a review,
Echevarria et al., 2003). For instance, the Gbx2 expression
in the dorsal thalamus has shown to be regulated by Shh
expression in the ZLI (Echevarria et al., 2003; Hashimoto-
Torii et al., 2003). Gbx2 expression is necessary for a normal
development of the diencephalic nuclei (Miyashita-Lin et
al., 1999). Thus, the ZLI could act as a ‘‘secondary orga-
nizer’’, controlling the normal expression of regulatory
molecules required for the normal development of the
thalamic nuclei. In accordance with this hypothesis, the
Shh mutant mouse offers an important morphologic pheno-
type in the diencephalon, due to the lack of Shh signal in the
basal plate, and possibly in the ZLI (Ishibashi and McMa-
hon, 2002). Fgf15 is expressed at both sides of the ZLI
(Gimeno et al., 2003) and is not detected in the Shh mutant
mouse, suggesting a possible regulation of Fgf15 dience-
phalic expression by Shh (Ishibashi and McMahon, 2002).
The ZLI epithelium generates several neuronal struc-
tures that are basically localized around the anterior
border of the rotundic and ovoidalis nuclear complex:
the perirotundic area and the nucleus interstitialis of the
optic tract (Fig. 7a). This is in accordance with the
interpretation of Martı´nez de la Torre et al. (2002) and
with the analysis of Pitx2 expression in mice (Kitamura et al.,
1997; Muccielli et al., 1996; Martin et al., 2002; Nakagawa
and O’Leary, 2001), but not in accordance with the
classical idea of no neurogenesis from the ZLI epithelium
(Larsen et al., 2001).Prosomere 3 (p3) alar plate
Grafts of region C have generated the alar plate of the
anterior diencephalic region, formed by the eminentia thal-
ami (dorsally) and the ventral thalamus (ventrally). This
epithelium mainly corresponded to the prosomeres 3 and 4
(p3–4) in the prosomeric model, which interpreted both p3
and p4 as part of the same alar plate in p3 in the most recent
revision (Puelles and Rubenstein, 2003). Our results agree
with this new hypothesis since our grafts always contained
eminentia thalami and ventral thalamic structures as longi-
tudinal domains of the transplanted region. Moreover, the
transplanted alar plate in the region C grafts frequently
contained some optic domain and therefore extended ven-
trally into: the dorsal hypothalamus, the preoptic area and
the optic stalk (Fig. 3h). Other type C grafts extended
dorsally throughout the eminentia thalami into the hemi-
spheric sulcus, the entopeduncular area and the caudal
telencephalic areas (Fig. 3j). The extensive and differential
growth of the dorsal telencephalon and the retinal field,
analyzed in a work previously undertaken by our group
(Cobos et al., 2001a,b), made the anterior extension of the
donor epithelium extremely variable, and thus the localiza-
tion of the anterior limit of p3.
The diencephalic basal plate
The basal plate of the caudal prosencephalon has under-
gone little study, probably because the most extended idea is
that the diencephalic basal plate corresponds to the hypo-
thalamus. This area between the mammillary region (caudal
hypothalamus) and the mesencephalic basal plate, known as
the retromammillary–prerubral tegmentum, shows a pre-
dominant reticular histogenesis with few nuclear masses that
do not attract much research interest. Our grafts confirmed
classical neuromeric descriptions that recognized the teg-
mental region between the posterior hypothalamus and the
mesencephalon, as the basal plate corresponded to the
thalamic and pretectal regions (see Puelles et al., 1987 for
a review). The prosomeric model has postulated that the
localization of the diencephalic basal plate being inside this
narrow region in both chicken and mice (see Puelles and
Rubenstein, 1993; Rubenstein et al., 1994 for a review). We
have demonstrated that basal plate grafts of the corre-
sponding diencephalic areas mapped different anteroposte-
rior domains of the retromammillary-prerubral tegmentum,
and do not generate hypothalamic structures. A careful
analysis of the basal plate structures in the brain was
reported in relation to the prosomeric model by Puelles et
al. (2001). The developed fate map agrees with the existence
of pseudolongitudinal domains that develops homologous
structures in each segment: the ventral tegmental area
(VTA), nucleus interstitial of Cajal (IC), the interstitial
rostral nucleus (IR), and the red nucleus and substantia
nigra domains (SN) in p1 and p2 domains, continued into p3
to generate the retrommamillary tegmentum (RMT) and the
anterior nucleus of the ansa lenticularis (Ala; the homolo-
al Biology 268 (2004) 514–530 527
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2000). This Ala nucleus migrates dorsolaterally towards the
telencephalic peduncle (Fig. 7). Grafts of the neuroepithe-
lium at both sides of the anterior tip of the notochord
mapped the end of the epichordal epithelium at the anterior
border of p3. Grafts that extended into the anterior pre-
chordal epithelium generated posterior hypothalamic (mam-
millary) structures. Therefore, we can conclude that
transversal domains are continuous from the alar into the
basal plate. The thalamic basal plate is completely epichor-
dal while hypothalamus completely develops from the
prechordal neural epithelium, as was predicted in the anal-
ysis of neural tube longitudinal domains reported by Shi-
mamura et al. (1995). It has been established by others
(Zeltser et al., 2001) that ZLI is specified in the neuro-
epithelial region where the epichordal and prechordal alar
epithelium come into contact. This interpretation has not yet
been confirmed and no results were confirmed in our basal
plate transplants, where the anterior thalamic segment (p3)
is clearly epichordal (Fig. 7a), but we can consider that the
prechordal–epichordal interaction could not have homoge-
neous effect at different ventrodorsal levels. In addition, this
interaction can be the causal mechanism of the modification
in some gene expression patterns, that are transversal in the
ZLI and become longitudinal in the basal plate of p3 to end
at its anterior limit, like Wnt8b, Shh and Sim1.
The diencephalic segmentation
We can conclude that in accordance with the brain
segmentation paradigm, the chick diencephalon is a seg-
mented area of the brain. Three transversal segments have
been detected: pretectal (p1) thalamic (p2) and prethalamic
(p3). These domains show basic neuromeric properties,
among them are a neuroepithelial cell restriction at the level
of the intersegmental boundaries, a homogeneous histoge-
netic potentiality (Martı´nez et al., 1991, 1999) and a
metameric structure, containing the fundamental dorsoven-
tral patterning, as has been proposed to understand the
diencephalic development in vertebrates by the classic
(Puelles and Rubenstein, 1993; Rubenstein et al., 1994)
and revised prosomeric model (Puelles and Rubenstein,
2003). The alternative columnar (see Puelles and Ruben-
stein, 1993; Puelles et al., 1987 for a review) or spotty
(Alvarez-Bolado et al., 1995; Bell et al., 2001; Larsen et al.,
2001) theories of diencephalic organization in vertebrates
make the interpretation of already published and new data
about gene expression patterns extremely complex, and they
do not agree with our fate map study. Molecular domains in
the diencephalic neuroepithelium, defined by developmen-
tally consistent genetic expressions, were defined in verte-
brate embryos (Puelles, 1995; Puelles and Rubenstein,
1993; Rubenstein et al., 1994). The genetic expressions that
defined molecular compartments have been described as
neuroepithelial domains that consistently identified the same
neuroepithelial field, which can be interpreted most of thetime as morphogenetic fields showing some kind of stable
or transient regional specification (Cobos et al., 2001a;
Puelles and Rubenstein, 1993, 2003, in press). Here we
present data demonstrating the existence of cellular com-
partments in the diencephalon, which mainly coincide with
the proposed prosomeric limits in structural, molecular and
functional studies. The existence of extensive neuroepithe-
lial mixing inside prosomeres validates our chimeric ap-
proach to study cellular compartmentalization. The
observed cellular compartments in the diencephalon corre-
sponded to transversal segments of neuroepithelium. These
diencephalic prosomeres, as the rhombomeres in the hind-
brain, contain the four longitudinal elements presented in
the neural tube: floor, basal, alar and roof plates, based on a
topological relationship.Acknowledgments
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